PHYSICAL REVIEW B 69, 235415(2004)

Near-infrared resonance Raman excitation profile studies of single-walled carbon nanotube
intertube interactions: A direct comparison of bundled and individually dispersed HiPco nanotubes
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Complete Raman excitation profiles for single-walled carbon nanotube radial breathing modes were obtained
for bundled HiPco carbon nanotube samples in the region from 700 to 985 nm excitation. Results are compared
to similar profiles generated from individual carbon nanotubes dispersed in aqueous solution, allowing a direct
determination of intertube interaction effects on electronic properties for 12 specific semiconducting nanotube
chiralities. Redshifts in the excitation profilégeanging from 54 to 157 me\Vare observed on going from
isolated individual to bundled nanotubes. Additionally, bundling is found to broaden the electronic transitions
by an average factor of 2.4 compared to individualized nanotube bandwidths. These results compare well with
recent theoretical predictions for bundling effects. An investigation of bundling effects on radial breathing
mode frequencies for 17 different nanotube chiralities finds no evidence for significant perturbation of these
frequencies resulting from intertube interactions. Our results demonstrate that previously reported radial
breathing mode frequency shifts are apparent shifts only, resulting from redshifting of the resonant electronic
transitions for bundled nanotubes. Bundle inhomogeneity, packing efficiency, orientational disorder, and sym-
metry reduction are indicated as important factors in determining the degree of intertube interaction.
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. INTRODUCTION wrem = C1/d; + Cy, (1)

. " . _, .
Carbon nanotubes have significant potential for wide"/hereCy 1'5 223.5 n2m cm and G, is 12.5 cm for HiPco
roduced samples? Thus, in addition to their sensitivity to

ranging materials applications based on their physical anfl .
. . . . hanotube electronic structure, Raman spectra may also be
electronic properties.A thorough understanding of their

. L o . used to directly characterize the diameters present in a nano-
electronic properties is critical to the development of their y P

o ) . 3 tube sample. Coupling of resonance Raman excitation data to
appl_lcatlorjs N Qanophoton|é,§ensor, and molegular EIPT(,:' RBM frequencies can lead to a nearly unambiguous assign-
tronic devices:®Accurate estimates for electronic transition ment of(n, m) nanotube type to a given RBM feature.

gnergies are re_qui_red tp_cor_relate experimental characteriza- 5 large number of studies have been performed that capi-
tion methods with identification of the nanotute,m) elec-  (5jize on these capabilities to probe electronic transitions and
tronic type in a sample. Determination @¢h,m) types  their coupling to different nanotube phonon mo@é&23A
present in a sample is an important part of evaluating nandfocus on RBM behavior has been used extensively for char-
tube production, processing, and purification methods, ascterization of diameter distributions for monitoring produc-
well as for determining and understanding individual nano-tion method$?-?> Raman has also been used extensively to
tube characteristics for device applications. monitor nanotube processitfg’ and various separation
Raman spectroscopy has proven to be a powerful methoohethods8-31 A number of studies also have yielded results
for both gaining an understanding of the fundamental elecfor assigning RBM features to specifi;, m) designa-
tronic structure of carbon nanotubes and for probing and agions!820:21,32-34
signing the compositions of samples. Through the resonance These limited examples demonstrate the importance of
Raman effect, Raman spectroscopy has been shown to be &aman characterization of nanotubes, yet many fundamental
sensitive probe of nanotube electronic structure. Strong resdraman studies are complicated by the fact that the samples
nance enhancement can be obtained from nanotubes throughder study have consisted of bundled, rather than isolated
tuning of the excitation source wavelength to overlap the vamanotubes. The strong intertube van der Waals interactions
Hove singularities present in the one-dimensiaid4)) den-  that promote bundling*® will also result in significant per-
sity of state® of different nanotube types. The electronic turbation of the nanotube electronic structure. Bundling has
resonances are dependent on nanotube diameter atitke effect of both shifting and broadening the electronic tran-
chirality? resulting in only a subset of the total nanotubesition energies! The resultant increased overlap of the tran-
population being enhanced/detected for any given excitatiositions results in a blurring or even wiping out of the indi-
wavelength?. Adding to the utility of Raman for nanotube vidual van Hove features present in the nanotube electronic
characterization is the occurrence of the so-called radiabsorption spectrum of an ensemble sample. These transition
breathing mode (RBM) in the low-frequency region energies can still be probed using resonance Raman enhance-
(100—400 crit'). The RBM frequencies have an inverse de-ment profiles, but definitive assignment of the Raman spec-
pendence on nanotube diaméffpllowing the relationship tral features to individualn, m) indices becomes difficult, as
shown in Eq.(1): the experimental features will likely be significantly per-
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turbed from expected values based on theoretical predictiorexplain their results in terms of the intertube interaction
for isolated individual nanotubes. The drawbacks of intertubecausing an upshift in transition energy for bundled tubes.
interaction and ensemble broadening of spectra have be€frhis upshift in energy will bring a different set of nanotube
overcome in some instances, for which Raman techniques agpes into resonance with the excitation frequency, resulting
isolated individual tubes or small bundles have beer]n an apparent Change in RBM frequency due to a Change in
developed”~*-**Thorough enhancement profile studies us-nanotube types that are now detected in the Raman spectrum.
ing these methods, however, have been limited. Amore com- Resolution of these conflicting analyses will require more
plet_e understanding of intertube interaction effects on elecaytensive direct comparisons of Raman data between indi-
tronic structure and Raman spectra remains necessary.  y;iqyalized and bundled nanotube samples. Moreover, it will

A number of theore_t|cal stud.|es hav_e begn performed Qe important to extend these studies to encompass semicon-
address the effects of intertube interactions in bundles on th ucting tubes to add to the experimental work done on me-

fundamental nanotube electronic structéfre’! Qualitatively, Fgllic species® More detailed enhancement profile compari-

these studies agree that a shift in electronic transition ene ons will also provide important data for comparison and
gies is predicted, but accuracy in the predictions have sufs Wi provide imp _compari .
fered through use of a limited tight-binding theory for de- development of theoretical efforts at describing intertube in-

scription of the nanotube 1D density of states. Recent resulf§ractions, and to solidify Raman-based chirality assign-
show that curvature and trigonal warping effects can be sigh€nts, which have previously relied strongly on assumed
nificant in determining nanotube electronic structtfg4 ~knowledge of transition energies. The opportunity to carry
The importance of these effects have also been demonstrat@dt these studies has recently presented itself, with the ad-
in recent Raman studies as W8S Curvature effects were vent of method¥ for bulk suspension of isolated individual
recently incorporated in aab initio study of nanotube elec- HiPco-produced nanotubéSThe study of HiPco tubes will
tronic structure that also included a study of intertube bun2Iso provide the opportunity to expand the Raman data base
dling effects*? The intertube interactions were found to de- to nanotubes of somewhat smaller diameter than the arc- and
crease the band gap in bundled semiconducting nanotub&ser oven-produced tubes that have formed the bulk of pre-
compared to their isolated counterparts. Furthermore, theséous studies.

interactions lead to a perpendicular dispersion to the familiar We present here results of complete near-infrared reso-
1D density of states that leads to a predicted broadening dfance Raman studies of HiPco produced nanotubes. Our ex-
transitions occurring in bundled nanotubes. Only a limitedPeriments have allowed us to directly compare Raman en-
set of experimental scanning tunneling microsc¢p&M)*¢  hancement profiles obtained in the region between 700 and
and Raman measurements for one tube NmWever' were 985 nm excitation for both bundled and Solution-phase indi-
available for comparison. vidualized nanotube samples. Our data provide a direct test

Additional studies have extended the electronic perturba®f the theoretical results provided by Reich and
tion work to examine the effects of bundling on the radial co-workers}” as well as directly addresses the issue of inter-
breathing mode vibrations as wéf53 These theoretical ef- tube interaction effects on RBM frequencies. We are able to
forts have been motivated by experimental results that sug:ompare results for 12 different semiconducting nanotube
gest the RBM increases in frequency upon bundi#g:52-54  chiralities. We find that, as predicted by Reieh al,*? the
Pressure dependence studies have resulted in the conclusiéi Hove transition energies for semiconducting nanotubes
that enhanced intertube interactions will result in increasingi’e both shifted to lower energy and broadened in samples of
RBM frequency with pressur':_é_ Further studies Conc|uded, undled nanotubes. Moreover, we find Signiﬁcant agreement
based on comparisons of Raman data to predicted transitiof the overall magnitude of the effect as well. Additionally,
for a given nanotube-type coupled to expected RBM fre-We find no significant change in RBM frequencies on going
quencies, that bundling results in a significdnt8 %) up- from isolateq individuals to bundled nanotubes. Our results
shift in observed frequency from what is expected for anindicate, as in the work of Raet 3'-756 that changes in reso-
isolated nanotub&2352535{nfortunately, these results rely Nant excitation conditions on going to a bundl_ed sarr_lple can
heavily on the accuracy of theoretical predictions of transi/€ad to an apparent RBM frequency shift that in reality does
tion energies that may be limited by use of tight-binding Ot change for a given tube type. D!fferences_from previous
calculations that do not account for curvature effects. A di-Work that appear in our data are discussed in terms of the
rect comparison between bundled and isolated tube sampl¥gfiance in nanotube packing that occurs in a real inhomo-
would more definitively address the question of whether oldeéneous bundle, compared to the idealized packing struc-
not RBM frequency changes are induced by intertube intertures addressed in theoretical descriptions.
actions.

One study addresses this question for a limited number of
metallic nanotube types. Ra&t al >¢ obtained Raman spectra
for CS, suspended arc-produced nanotubes, with excitation Preparation of the solution samples of isolated individual
at three different laser wavelengths. Results for individuakingle-walled carbon nanotubéSWNTs was performed as
solubilized nanotubes were compared to results for bundlegublished previously? HiPco! carbon nanotubegbatches
solid samples. In contrast to previous work, these author89 and 104 from Rice University were suspended in aque-
observed an apparent downshift in RBM frequency on goingous sodium dodecy! sulfat&DS solution. Briefly, 1 wt.%
from isolated to bundled nanotubes. Rather than invoke aurfactant was combined with 40 mg of nanotube material in
direct effect of bundling on RBM frequencies, Rab al. 200 ml of water, high shear mixed for 1 h, and ultrasonicated

II. EXPERIMENT
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at 590 W for 10 min. The suspension was centrifuged for 4 hassignments can be found by looking at the nanotube pair
at 200 000 g using a swing bucket rotor. The resulting decantl3,3 and(9,8) (both with RBMs predicted at 203.6 ¢t

was isolated and used for subsequent Raman experimenty. the pair(9,1) and (6,5 (both with RBMs predicted at
Our above use of the term “isolated” is not meant to imply307.6 cm*). Without knowledge of the transition energies
that the individualized nanotubes are free of any environfor these nanotube types, it is impossible to assign their
mental interactions with the surfactant/solvent, it is onlychirality solely with the RBM data. However, we find that
meant to indicate that the individualized nanotubes in thesgese chiralities can easily be distinguished from each other
samples are isolated from significant interaction with eacrf‘]ya;ﬁqpa'ygg tgeepZpenaelgcfer?niné;crﬁﬁ:)ethg?t%y-Elhoe[lrfrm:lr?ggltlon
other. The solution samples that were used for the Ramal

studies displayed strong band-gap emission, indicating that-3- %?3(9'8) typeg and by 65 nnfor the(9,1) and(6,9)

the nanotubes in these samples are isolated from significa ) . - - _
intertube interaction&-37 Recent semiempirical predictioisased on the functional

. . dependencies appearing in descriptions of trigonal warpin
Preparation of the ?0"0' sample of _bundled SWNTs V.V"’lsef“ffa)cts)12v57 for th%penergy spacingg of the firs? and secgndg
performed by suspending 10 mg of solid, unprocessed HiPcQ, , {15ye singularities for SDS solubilized HiPco nanotubes
(batch 107 nanotubes from Rice University in 10 ml of iSO- paye provided excellent agreement with chirality assign-
propanol. The isopropanol suspension was added dropwise [Rents made on the basis of 2D fluorescence excitation/

a microscope slide and allowed to dry to form an opaquemission profile data. This approach has recently been found
SWNT film. to provide accurate assignment for tube types found in laser
Raman spectroscopy on the samples was performed withaporization-produced nanotubes as ¥ comparison of
excitation from a Ti:Sapphire laser operating between 70@ur experimentally determined RBM frequencies and excita-
and 985 nm. A triple monochromator and charge-coupled detion maxima with the fluorescence-based predictions for the
vice camera were used for spectral collection with 5tm nanotube chirality assignments we have méuised on our
resolution and 5 min integration times. Laser power at theRaman excitation data for solution phase individualized
sample was 15 mW. Raw spectra were background subranotubesis in excellent agreement. On average the agree-
tracted to remove the Rayleigh background or the overlapment in RBM frequency is within +/-1.2 ¢ty while exci-
ping broad emission features originating from the semicontation maxima agree within +/-13 me¥ providing a high
ducting SWNTs. Each Raman spectrum in the region fronflegree of confidence in our assignments. This provides a
125 to 400 crit was fitted using a summation of Lorentzian Strong basis for tracking identical chiralities observed in Ra-
peak shapes. Spectral intensities were then corrected for ifo@n data obtained on bundled nanotube samples.
strument response and dependence. Spectra were also ob- It has been pointed out that curvature effects in small

tained for 4-acetamidophenol at all excitation wavelengths iffi@meter nanotubes can cause significant deviation from the

; : 55
an identical sampling geometry for use in frequency calibralXBM frequency behavior described by K, thus poten-

tion and as a relative intensity reference for correcting nanog?gzoﬁ%rgggcf%tr'nr?e;?_'zr%ggga?;')%gm:nnéshaEVféeEtjegr(e)brggfvte d
tube spectra for instrument response. for a number of small diameter near-zigzag chiralifit$he
smallest diameters present in our samples, however, are at
IIl. RESULTS the upper bound of where the curvature effects become sig-
nificant, thus minimizing potential impact on the assign-
In previous work we performed complete resonance Raments. These effects, however, underscore the importance of
man excitation profiles for the radial breathing modes of in-combining RBM frequency data with transition maxima ob-
dividually dispersed HiPco nanotubes in solutiéithe ex-  tained from enhancement profiles to make accurate chirality
citation range of 700 to 985 nm yielded Raman spectra fogssignments.
vibrational modes coupled primarily to the second van Hove The results of the solution phase Raman experiments on
(v2—c2) transitions and a few to the first van Houel—c1)  solated individuals are compared to those obtained for
transitions of semiconducting nanotubes. The results of thasundled samples in Fig. 1. The spectral features observed in
work allowed us to spectrally isolate and assign chirality forthis 3D plot can be conveniently grouped into four regions.
22 separate semiconducting nanotube types. Past difficultigss discussed previoush,the appearance of these groupings
in making chirality assignments from ensemble measureis a natural consequence of the chirality distribution of the
ments (due to broad overlapping transitions/vibrational electronic transitions, which cluster as deviations from a
mode$ were overcome by obtaining Raman spectra at wellnear-arm chair axi¥ The observed behavior is also consis-
resolved energy spacings across the near-infrared regiotent with the oscillating response as a function of excitation
This capability allowed us to in effect perform a two- energy of the first spectral moment observed by Kuzmany
dimensional spectral separation of individual chiralities.and co-worker® and Kukoveczet al23 for the RBMs. This
Thus, pairing a specific RBM frequency with an excitation oscillatory behavior arises from the dependence of the tran-
profile maximum allowed us to assign, m) indices to indi-  sition energy on the progression in nanotube diameters. The
vidual spectral features with a high degree of confidence nadscillation becomes apparent as an increase in diameter in
available by making chirality assignments based only orobservedv2—c2 transitions(Fig. 1, groups I, Ill, and I\
measured RBM frequencies and the use of @9. A dra- moves these energies out of our observation window, and
matic example of why pairing RBM frequency with transi- moves smaller diameter tubes for #he—c1 transitiongFig.
tion energy is necessary for generating the most accuratg group ) into the window.
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FIG. 1. Raman spectra of radial breathing modes for semiconducting nanotubes excited in the region of 700 to 988)rand¢i)
individualized nanotubes in 1% SDS solutign),(d) Solid bundled nanotube sample.

On comparing the Raman data for the bundled nanotubesiata is present in the profile of th&,3) nanotube in this
we again observe the four groupings observed for the indiregion to provide the maximum in itg&2—c2 excitation pro-
vidualized samples. For the bundled tubes, however, all spedile (Table .
tral features are shifted on the order of 30—50 nm to the red. It is interesting to note that, with the exception of the
There is also a blurring together of the regions labeled 111(6,5), (13,3, and(11,7) nanotubes, we observe RBMs only
and IV that is not observed for the individualized spectra.for (n-m) mod 3=2 semiconductorgee Tables | and )l
This blurring of transitions is an indication of band broaden-This is in contrast to a nearly equal distribution @f-m)
ing occurring in the bundled sample. Although nominally wemod 3=1 and mod 3=2 types observed in the individualized
are accessing the same excitation region in the bundlesample. This is, however, consistent with the previous
sample, with primarilyp2—c2 excitation with somer1-c1  observatioff* that mod 3=1 types display significantly lower
resonances, the redshifting of the transitions changes thieaman intensity in the2—c2 excitation region. This de-
RBMs that are observable. This shift results in an incompletereased intensity effect will be amplified for the bundled
overlap in data that is available for direct comparison be-nanotubes due to broadening of their electronic transitions.
tween the two sample types. As a result, for the bundled’he broadening will effectively yield lower Raman intensi-
sample, profile data for th€,3), (6,5), and(8,3) nanotubes ties due to a decreased electronic transition moment being
is not complete enough to obtain redshifted transitionspread over the width of the transition, thus making the mod
maxima. However, the tails of the excitation bands for the3=1 semiconductors for the most part unobservable in the
(6,5 and (8,3 chiralities are still observed, providing their bundled data. We also note that, for this reason, the only
RBM frequencies. Additionally, the redshifting allows accessnanotube types not present in the current data set that were
to v2—c2 transitions for bundled nanotubes that were to theobserved in the individualized samplésre of the mod 3
blue of our observation window in the individualized =1 type.
samples. Nanotube types observable in this “new” window The data shown in Fig. 1 have been deconvoluted through
include the(8,0), (6,4), (8,3, and(7,5) chiralities. Sufficient Lorentzian fits to the individual Raman spectra and recom-
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TABLE I. A comparison of Raman enhancement profile energy maxima and transition widths for individualietibn) and roped
nanotube samples.

(n,m) Diameter E (pred? E (soln)® E (roped AE® Width (soln) Width (roped
nm (em™ (cm™ (em™ cm1/(meV) cm i/ (meV) cm/(meV)
9,1 0.7573 10964 11 050 10 492 5589) 369 (46) 622 (77)
9,1 0.7573 14 466 14 430 13804 62B9) 964 (120
8.3 0.7819 15029 14 286 7432
(10,2 0.8841 13574 13717 12883 83103 446 (55) 883(109
9,9 0.9156 13843 13928 13105 82802 333(41) 952 (118
(8,6) 0.9658 13928 13967 13534 4334) 432 (54) 763 (95)
(12,1 0.9948 12516 12 626 12 115 5183) 350 (43) 793(98)
(10,5 1.0503 12 695 12739 12 209 5366) 370(46) 936 (116
9,9 1.1029 12 658 12674 12 200 4789 380 (47)
(13,2 1.120 11661 11 669 10830 83904 112 (14 363 (45)
(12,9 1.145 11 693 11 696 10 874 82202 278(34) 757 (94)
(13,3 1.170 13 095 13 263 12 708 5%69) 466 (58) 724(90)
(11,6 1.1856 11 661 11547 10 875 6723)
(11,7 1.2477 11 968 11765 10 498 126157) 713(88)

@Predicted values obtained from Ref. 57.
PExperimental transition maxima for individualized solution samples obtained from Ref. 34.
CAE=E(soln)-E(roped, except for(8,3) nanotube for whiclAE=E(pred-E(roped.

bined as enhancement profiles for individual RBMs shown irtube chiralities, with one additional indirect comparison for
Figs. 2—4. High quality enhancement profiles were obtainedhe (8,3) v2—c2 transition. This direct comparison between
with sufficient overlap between individualized and bundledthe individualized and bundled Raman data is possible be-
samples to directly compare profiles for 12 separate nanccause we find a direct correspondence between the four spec-

TABLE 1l. A comparison of measured RBM frequencies for individualizesblution) and roped

samples.
(n,m) Diameter v (pred)? v (soln)P v (roped Av®
nm (em™) (em™) (cm™) (cm™)
(8,0 0.6350 364.4 364 0
(6,9 0.6921 3354 333 -2
(6,5 0.7573 307.6 307 307 0
9,) 0.7573 307.6 304 304 0
8,39 0.7819 298.3 296 296 0
(7,5 0.8290 282.1 282 0
(10,2 0.8841 265.3 264 266 2
(9,9 0.9156 256.6 256 261 5
(8,6 0.9658 243.9 244 244 0
12,9 0.9948 237.2 236 236 0
(10,5 1.0503 225.3 225 227 2
9,7 1.1029 215.1 215 214 -1
13,2 1.120 212.1 211 213 2
12,9 1.145 207.7 206 209 3
(13,3 1.170 203.6 205 203 -2
(11,9 1.1856 201.0 200 201 1
(11,7 1.2477 191.6 193 192 -1

%Predicted values obtained from Ref. 57.
bExperimentalvggy, for individualized solution samples obtained from Ref. 34.
CAv=v(roped-v(solen except for(8,0), (6,4), and(7,5 nanotubes for whictA v=1(roped-v(pred.
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FIG. 2. (Color onlineg Comparison of Raman excitation profiles for individualized and bundled nanotubés) id0,5, (b) (9,4, (c)
(8,6), (d) (12,1), and(e) (10,2 chiralities(rectangles=roped data, ovals=individualized solution)data

tral groupings observed for each sample type in Fig. 1. Thgroups when compared between the two sample types
four groups found in the solution spectra are clearly pre-below and Table )

served for the bundled samp(albeit with the bundled data Five of the enhancement profiles are compared for the
broadened and shifted to the jetloreover, the RBM fre- v2-c2 excitation region between 700 and 850 nm in Fig. 2.
guencies within each spectral group track very closely for alWe are able to sample thd —c1 excitation only for thg9,1)
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=
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_— 10400 10800 11200 11600 FIG. 3. (Color onling Com-
8 parison of low energy Raman ex-
N citation profiles for individual-
= . ized and bundled nanotubes
é 100 4b - - 9,1) for (a) (13,2 and(b) (9,1) chirali-

- 7 ties (rectangles=roped data,ovals
2 7] =individualized solution dada

60 - .

Solution
40 -
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0 -
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nanotube(see Fig. 3, while other chiralities shifted into the transition. Results for individualized and bundled samples
850 to 985 nm region undergo2—c2 excitation. Fortu- are compared in Table I. For all chiralities except {Be3)
itously, because of the shifting of transition energies that wenanotube, the tabulated values #E between individual-
observe, we are able to obtain partial enhancement profiléged and bundled tubes are obtained directly from the experi-
for both thev1—c1 andv2—c2 excitation regions of thed,1) ~ Mental data. _ _ .
nanotube, providing a means for directly comparing differing A Pronounced redshifranging from 54 to 157 meV, with
effects of intertube interactions on both th@—c2 and an average of 86 meMor all transitions is clearly observed
vl—cl transitions for a single nanotube tygeee Fig. 4 ON going from individualized to bundled nanotubes for all

Simple Gaussian fits have been made to the profiles to obtafijPe chiralities. Transition widths are found to double and

energy maxima and bandwidths for each observed electronfc/€" triPlé(with an average factor of 2)4or all chiralities

on going from individualized to bundled nanotubes as well.

(@.1) CoREAHESH One consequence of the band broadening foi(®h® nano-

First V.H. tube is that the structure observed due to phonon

100 - . znAdAV'H' progression¥ for the individualized sample is no longer ob-
1 servable once bundlddrigs. 3b) and 4. The combined ef-

2> 801 & fects of redshifting plus broadening of the electronic transi-

2 I “ tions creates significant changes in the observed RBM
g 60 structure for bundled nanotubes as compared to individual-

B 1R m Solution Roped ized samples at any given excitation wavelengte Fig. 5.

s The redshifting brings into resonance different nanotube

£ ] chiralities in the bundled samples than are observed for in-
3 20'_ dividualized nanotubes. One additional effect the broadening
0- has on the observed spectra is that chiralities that may not

have been within the resonant window of a given excitation

10000 11000 12000 13000 14000 wavelength in the narrower band structure of the individual-
Excitation Energy (cm™1) ized nanotubes are now accessed due to the broadening of

the transitions. As observed in Fig. 5, the resultant effect is to

FIG. 4. (Color onling Comparison of Raman excitation profiles reduce the effective resolution of the Raman spectra in com-

for individualized and bundled nanotubes for {91) nanotube in ~ parison to the sharper spectra observed for individualized

the vl-cl excitation range(first van Hove, squares=roped, samples. This is a result of more chiralities being at or near

circles=solution and v2—c2 excitation ranggsecond van Hove, resonance at any given excitation wavelength for a bundled
triangles—roped only sample.
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FIG. 5. Comparison of radial
breathing mode spectra for indi-
vidualized (solution) and roped
(solid) nanotubes at four specific
excitation wavelengths: 710 nm
(a) solution,(b) roped; 785 nn{c)
solution,(d) roped; 830 nnge) so-
lution, (f) roped; and 925 nnig)
solution, (h) roped.

In addition to being able to make a detailed comparison otounterpart§-°2Reichet al*? have incorporated curvature-
intertube interaction effects on the nanotube electronic traninduced hybridization effects into their studies of bundling,
sitions, we have been able to compare RBM frequencies tend have given detailed predictions for the magnitude of the
determine whether or not the intertube interaction causes #ansition energy shifts and bandwidth changes expected to
change in vibrational frequency. As seen in Table II, we findoccur upon bundling. For this reason, these results will be

no significant shift in vibrational frequency between indi- discussed more closely in relation to the data we present
here. Trigonal warping has been shown to result in both posi-

tive and negative deviations in transition energies from what
is expected from a strict tight-binding description, dependent
on nanotube diameter, chirality, chiral angle, and transition

vidualized and bundled samples.

IV. DISCUSSION

A. Bundling effects on electronic transitions

regime(v1l—cl versusv2—c2).1244 For the specific systems
evaluated by Reickt al. for bundling interactions, however,

As stated earlier, a number of theoretical studies on bunaccounting for curvature in isolated nanotubes resulted in a
dling effects have shown that transition energies in bundledlecrease in energy separation between the valence and con-
nanotubes should be redshifted from those for their isolateduction band states relevant to the optical transitions ac-
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cessed through resonance Raman excitdfidntertube in-  zag nanotubes such as ti@,1) and (12,1 to the near-
teractions in bundled systems were found to induce twarmchair(8,6) and(9,7). This is in contrast to the large dif-
additional effects: Changes in the electronic dispersion alonferences that might be expected between these types from
k, results in further decreases in the band gap for semicorReichet al*2 and Maaroukt al*! These predictions, particu-
ducting nanotubes. Additionally, a dispersion perpendiculatarly those of Reichet al, are based on the assumption of
to k, is found to occur, resulting in a broadening of the tran-direct interaction between identical nanotube types. The in-
sition bandwidth$? Reichet al,*? as well as otherd4%4156  homogeneity expected for our samples, however, probably
also find that for armchair nanotubes intertube interactionsesults in both a decrease in intertube interactions as well as
lead to the opening of a pseudogap at the Fermi level. the observation of more comparable effects of those interac-
The magnitude of these effects were found to be stronglyions (see additional discussion belpwDespite the narrow
dependent on nanotube type, with a range of armchair, ziglange observed for both redshifting and band broadening,
zag, and chiral nanotubes being investigated. Bundlingthere do exist significant differences in the effects observed
induced shifts as large as 1 eV in certain armchair nanotubfr different chiralities. These differences may arise from
transitions are predicted, with effects being found to beinteresting dependencies of the intertube interactions on
smaller for zigzag and near-zigzag types. Effects on differenbanotube type.
individual transition energies within a given nanotube type It is well known that nanotube chirality is a major deter-
were also found to vary widely, with higher energy transi- miner of a number of interesting behaviors. Thus, one might
tions being less affected. The band-broadening effects of thexpect to observe unique chirality-based dependencies for
perpendicular dispersion were found to be as large amtertube interactions as well. The effects of trigonal warping
900 meV for armchair nanotubes, with the broadening bein@n nanotube transition energies effectively breaks the nano-
reduced for zigzagno more than 400 meMand smallest for tube mod 3=1 and mod 3=2 types into two classes of sepa-
chiral semiconducting nanotubgiess than 200 me) In  rate behavior, depending on which van Hove transition is
general, on closer inspection of the lowest van Hove transibeing excited?#4 Mod 3=1 types deviate to lower energy
tions appearing in chiral semiconductors, of most relevancéom a tight binding approximation, while mod 3=2 nano-
to the data we present, Rei@t al. find a redshift on the tubes deviate to higher energy fiot —c1 excitation. The sign
order of 100 meV with an expectation of band broadening oPf the deviation reverses on going #@—c2 excitation. The
not more than 200 me¥2 This is in comparison to typical magnitude of these deviations is determined by the nanotube
bandwidths of around 40 meV expected for isolated indi-chiral angle. This predicted behavior has been verified thru
viduals in solutioh233and 20 meV obtained from excitation fluorescence measuremehts.Similar dependencies are
profiles on singly deposited nanotulsés. predicted® and observett for Raman scattering cross sec-
The above calculated magnitudes for shifts in transitiortions as well, with behavior of mod 3=1 versus mod 3=2
energies are in agreement with the work of Ra@l.*® who  types again reversing on going froml—cl to v2—c2 exci-
calculate an expected 200 meV shift in energies with an actation. Other chirality dependent Raman processes have also
companying broadening as well. These researchers, howevégen observetf:3? Additionally, for bundled nanotubes,
find the shift to be a blueshift. The discrepancy may arisghere is the predicted variation in interaction dependence for
from differences in how the parameterized technique of Ra@rmchair versus zigzag nanotubes, for which coupling/
et al > treats differences in single versus bundled nanotubetinneling between nanotubes decreases as chirality changes
compared to thab initio method of Reictet al42 The find-  from near armchair to near zigzay?*?
ing of Reichet al. that armchair nanotubes should display As stated earlier, there is no clear delineation between
larger effects than those for zigzag nanotubes is in agreemengar-armchair and near-zigzag behavior in our data. Addi-
with the results of Maarouét al** that coupling between tionally, we find no evidence for clear correlations between
near-armchair nanotubes is stronger than found for neaeur observed redshifts and other chirality related depen-
zigzag types. dences. Plots ciE between bundled and isolated samples as
The estimate of a 100 meV redshift in transition energies function of chiral anglée), cog3 a), and co§3 a)/d? (the
for chiral semiconducting nanotubes is in excellent agreefunctional dependence for trigonal warping-induced devia-
ment with our results. Our experimentally determined red-tions from tight-binding behavigt?#4 show no correlation.
shifts, ranging from 54 to 157 meVsee Table ) over a  This may be an indication that intertube interactions do not
broad range of nanotube chiralities, compares within a factosignificantly perturb the C-C interaction ener@yy), as y,
of two of the predicted value from Reioft al*?> We also acts as a scaling factor on the chiral angle dependence for
observe the predicted broadening of the transitions on goingrigonal warping effect$? This possibility has also been dis-
to bundled samples as well. Our measured bandwidths ocussed previously by Raet al5®
isolated nanotube&4 meV on average, see Tabledgree Our data, unfortunately, is not complete enough to evalu-
with that expected for HiPco nanotubes in solutidéd3The  ate whether or not there exist any significant differences in
isolated nanotube bandwidths increase by an average factAE between mod 3=1 and mod 3=2 types. However, this
of 2.3, to range from 77 to 120 mejgee Table)l Although issue may be addressed in part from the data obtained for the
about a factor of 2 lower than the upper limit given by Reich(9,1) nanotube. Th&9,1) nanotube in the bundled sample
et al. in their estimate4? the agreement still appears quite provided profile data for both thel—c1 andv2—c2 transi-
good. One observation of interest is that the magnitude of théons (see Fig. 4. If there is a significant mod 3=1 versus
observed redshifts and broadening is quite comparable ovenod 3=2AE dependence, then that dependence might be
the range of nanotube types that we observe, from near-zigxpected to reverse itself between the two electronic transi-
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tions accessed for th@,1) nanotube. This would be in ac- uted to bundling effects. Modeling of these effects by Hen-
cord with the reversing of behavior on changing frofn-c1 ~ rard and co-workef8°%and Popoet al>! produced similar

to v2—C2 excitation that is observed for transition enertfies results, with predictions of frequency upshifts on the order of
and for Raman intensiti&for the two separate mod 3 cases. 10%.

As seen in Table I, though, th&E observed for both transi- ~ Our experimental comparison of individualized and
tions is quite comparable, withE’s in the same direction bundled nanotube samples, however, is in direct contradic-

v2—c2 transitions, respectively. dence for a change in RBM frequency on going from indi-

These results seem to indicate that there are no chiralityidu@l nanotubes to bundigsee Table . Our ability to

specific effects for intertube interactions. This assertion mus ;:ectly tracli RBMthbeht?]viorbb?tween solut_ion ?nld sglid
be qualified though with the understanding that chirality ef-PNAse samples, rainer than between experimental and pre-
fects may be masked by the effects of decreased intertul icted results, provides confidence in this conclusion. A re-

) ; ) . ote possibility exists that any frequency upshifts that might
interactions that might be expected for the mhomogeneoug : L ;

) ) ccur on nanotube bundling could coincidentally result in an
bundling that occurs in our roped sample. Rarfh&@1,M,*® g y

exact overlap of observed frequencies for the bundled nano-
1,62 L. . L
and TEM'? results all demonstrate that bundled sampleg; pes compared to the individualized sample. Such a coinci-

will consist of a wide range of nanotube chiralities. The ma-gania) overlap for all 17 RBMs, however, seems highly un-

on formalisms that assume a perfect packing arrangement @k ample the 264 cm mode in the individualized sample
identical tube types into a relatively high symmetry homoge—s 19 10% upshiftito ~280-290 crit) on bundling would
neous bundle. That this assumption does not adequately repssylt in the expectation of finding modes at higher frequen-
resent the reality of the inhomogeneity found in real bundled;jes that we do not observe. Our conclusion that nanotube
samples has of course been recognized. Reichl. have  pndling does not induce a significant change in RBM fre-
perturbed their calculations by rotating the nanotube orientaguency is in agreement with the results of Real.5¢ who

tions to break the B symmetry of (6,6) bundles’ This  3is0 find no evidence for a bundling-induced change in RBM
orientationally disordered state results in a decreased effegloquency.

on AE. Compositional disorder has also been recognized as There also exist a number of independent results in the
reducing intertube interactiort$>° Maaroufet al. have fo- |iterature that indicate that bundling and other environmental
cused on these disorder effects and again find that both orfxctors, such as solubilization environment, do not affect
entatipnal disor_der and. compositional inhomogeneity will re-grgm frequencies. Raman data presented for capillary elec-
duce intertube interactiott. trophoresis separations of nanotube bundles from individuals
In addition to compositional and orientational effects, l0SSghow that as bundle size steadily decreases to the single
of packing efficiency in inhomogeneous bundles may alsganotube limit, RBM frequencies remain the sathaddi-
reduce int.ertube interaction. Lgrge diameter mismatches b‘?’ronally, RBM frequencies do not change when monitored
tween adjacent nanotubes will lead to defects in a closgyring the ultrasonication debundling process used to create
packed bundle, as observed in bundle TEM imd9€8.  Sps solubilized nanotubé&$ Finally, Raman data published
Short range order, however, may exist. Odetmal*® have  for nanotubes wrapped in a variety of different surfactant and
shown through detailed STM measurements on nanotubgolymer systemswhich result in significant changes in
bundles that nanotubes of similar chirality have a tendency t@anotube local environment, as evidenced by shifts in their
rope together. Likewise, nanotubes of similar diameter maymission spectjashow that RBM frequencies remain the
be expected to aggregate together. However, a plattods  same, independent of nanotube local environrfignt.
a function of diameter shows no correlation, indicating that  oyr conclusions may be reconciled with the modeling re-
any short range order effects do not dominate over the largesits of Henrard and co-workef$5° and Popowet al5! by
scale disorder sampled in our ensemble measurements. again invoking sample inhomogeneity. Henratdal. model
intertube interactions using a Lennard-Jones potential be-
tween continuous cylindrical surfaces. Given the inhomoge-
neity of bundled nanotube samples, this model likely over-
In addition to effects on nanotube electronic structureestimates the interaction energies. Accounting for
bundling may also induce changes in the nanotube vibraerientational and compositional disorder in bundles would
tional characteristics. We address here the question dikely improve the model. The Lennard-Jones potential will
whether or not RBM frequency changes result from nanobe sensitive to both the diameters and chiralities present in a
tube bundling. Previous experimental results on lasebundle. As discussed in the section on bundling effects on
ablatiorf?52 and HiPcd® produced nanotubes suggested thatiransition energies, nanotube diameter mismatches will likely
bundling can result in an upshift of the RBM frequency by asreduce packing efficiencies and intertube interactions. Addi-
much as 8—10%. These conclusions were based on a cortienally, intertube van der Waals forces will vary greatly with
parison of experimental data to calculated spectra. Energthe ability of nanotube hexagonal geometries to be in perfect
resonances for the calculated spectra were determined basejistry. As demonstrated by Odoet al.*¢ this high sym-
on a tight-binding determination of density of states. Ob-metry arrangement may occur within local domains, but
served RBM frequencies were found to be, on average, 8.5%ithin a large scale ensemble these domains are not likely to
higher than predicted frequencies. The difference was attribdominate. Lack of registry should reduce intertube interac-

B. Bundling effects on radial breathing mode frequencies

235415-10



NEAR-INFRARED RESONANCE RAMAN EXCITATION.. PHYSICAL REVIEW B 69, 235415(2004)

tions. Thus, intertube interactions in an inhomogeneous Figure 5 shows that the differing resonance conditions
bundle will be smaller than predicted using a continuoushetween individualized and bundled nanotubes can result in
cylindrical approximation for nanotube interaction. The re-dramatically different RBM spectra observed for identical
duced interactions probably result in forces too small to in-excitation wavelengths. It is easy to see how inaccurate
duce a RBM frequency change. We do not claim that thesehirality assignments can be given to individual RBM fea-
frequency shifts cannot occur as a result of intertube interadures when these are made based solely on the bundled nano-
tions, it just may require more extreme conditions to genertube data. A closer inspection of Fig. 1 leads to a more com-
ate the required interaction. In fact, such frequency upshiftplete understanding of how the redshift in transition energies
are observed for nanotubes subjected to pressures on the teads to an apparent upshift in RBM frequency. If one ob-
der of GP&* At ambient temperatures and pressures, howserves behavior around the 785 nm excitation region, for ex-
ever, interactions are too small to induce the frequency upample, as bundling occurs the transition energies for group

shift. IIl are moved out of resonance and into the vicinity of tran-
The question remains of how can the experimental resultsitions found for group Il as isolated individuals. Similarly,
of Kuzmany and co-worker®, Kukoveczet al,?® and Mil-  the group IV transition energy region moves into resonance

neraet al®? be reconciled with our conclusion that RBM with the 785 nm excitation. As a result, one would expect the
frequencies are not upshifted in nanotube bundles. In th&equencies for group ll{centered around 225 ¢H) to un-
work of Raoet al>® this apparent discrepancy in experimen-dergo an apparent upshift to the group IV frequencoes-
tal results is explained in terms of changes in resonance exered around 260 ci). The same behavior will occur at
citation conditions on going from an individualized to lower excitation energies, with the group Il RBM frequen-
bundled sample. These researchers correctly recognized thzies(centered around 200 ¢ undergoing an apparent up-
bundling will cause a shift in the electronic transition ener-shift to those of the group Ill frequencies. Although this
gies, resulting in a new set of nanotube chiralities that will beanalysis will of course be complicated by the transition
resonant with a fixed excitation wavelength. Thus, for anybroadening that occurs upon bundling, which results in
given excitation wavelength, one should expect a differenbroader, more complex RBM spectra, it is qualitatively cor-
set of RBMs to be present in spectra for individualized nano+vect in demonstrating the origin of the apparent RBM fre-
tubes as compared to a bundled samjale we observe in quency upshift. It is interesting to note that, if one goes to
Fig. 5. The difference in observed modes can easily be infow enough excitation energy, the apparent trend toward up-
terpreted as an apparent change in RBM frequency if accushifting RBM frequencies is reversed as the smaller diameter
rate knowledge of transition energies and bundling inducedemiconductor nanotubes are accessed through thel
intertube perturbations are not accounted for. These resulexcitation. In this casdfor an excitation wavelength of
highlight the importance of arriving at correct predictions for 925 nm, see Fig. ()] we observe a large apparent decrease
energy levels in isolated nanotubes and for how bundlingn frequency from the 296 and 304 chmodes observed for
perturbs these levels. As noted by Rehal,** the errors  the(8,3) and(9,1) nanotubes of the solution sample on going
introduced by using a tight-binding approach without com-to resonance with the 213 ¢mMRBM of the (13,2 nanotube
pensation for curvature, hybridization, and trigonal warpingin the bundled sample.
effects, makes accurate assignment of chiralities based on Conversely, a comparison of Raman spectra for individu-
resonance measurements difficult. This difficulty emphasizealized nanotubes to spectra for bundled nanotubes obtained
the importance of being able to evaluate bundling effectat excitation wavelengths shifted to the red by the same mag-
through a direct comparison of experimental data obtaineditude as we observe for redshifting of the transitions
for both bundled and individualized nanotubes. Such a diregtaround 50—-100 meNVmay vyield nearly identical spectra.
comparison will minimize errors in interpretation introduced This expectation is borne out in Fig. 6. Spectra of individu-
by inaccurate chirality assignments based on transition eralized nanotubes taken at three separate excitation wave-
ergy predictions. lengths(780, 825, and 850 njnrcompare well with spectra
The detailed nature of our data further demonstrates howbtained for bundles at wavelengths shifted to the red by 68,
the red shift in transition energies that occurs on bundlinggl, and 89 meV, respectively. Although this is a simplified
can lead to an apparent change in RBM frequeiseg Figs. analysis and complicated, again, by broadening effects, the
1 and 5. Figure 1 demonstrates, as was also observed bgomparison provides another illustration of how a redshift in
Kuzmany and co-worker&, Kukoveczet al,?® and Milnera  transition energies can result in the apparent upshifts in RBM
et al>? that as excitation progresses from high to low energyfrequency.
we observe periodic minima in the RBM profiles. When To summarize, no evidence for bundling-induced RBM
these minima are passed, a general shifting to lower frefrequency upshifts is found after comparing Raman spectra
quency of the RBMs is observed. This oscillatory behavior isfor individualized and bundled nanotube samples. Our con-
a consequence of the periodicity observed in the van Hovelusions are similar to those found by Rat,al>® Apparent
transitions that result from the change in chiral angle depenfrequency shifts observed by others are most likely the result
dence of the transition energies on moving from nearof the redshifting of electronic transitions that we find for
armchair to near-zigzag structures within a given group obundled nanotubes. Lack of a significant frequency upshift
nanotubed? It is exactly this oscillatory behavior, combined may be a further indication that bundling does not induce a
with the smooth progression to lower transition energies ashange iny,.5%
nanotube diameter increases, that gives rise to an apparentlt should be noted that these conclusigaad the results
RBM frequency shift. of the previous section as wghre not ultimately dependent
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on accuracy of our chirality assignments. Although these aszed samples adds complexity to the analysis. The data pre-
signments agree well with previous wétR”->8and are be- sented here should prove valuable in this regard. As one
lieved to be correct, ultimately our results are only dependengpecific example, a focus on excitation behavior at 785 nm is
on the ability to directly track RBM behavior between the useful. This wavelength is experiencing widespread use for
individualized and bundled samples through the detailed enRaman characterization of nanotube processing and
hancement profiles and 3D Raman data of Fig. 1. This abilitgseparation®2°64due to its availability as a common diode
is independent of what chirality is ultimately assigned to thelaser excitation source with Raman instrumentation being de-
observed RBMs. signed around its use. On comparing the bundled and indi-
vidualized spectra obtained at 785 nm excitatibigs. 5c)
and %d)], the most noticeable difference is the strong pres-
ence of thg10,2 RBM at 266 cm* in the bundled sample,
absent in the individualized nanotubes. This so-called “rop-
Raman spectroscopy will continue to be an importanting peak” can be used as a strong indicator of the extent of
characterization method for carbon nanotube applications. bundling occurring in a sampf&:2° Results obtained from
is clear from Figs. 1 and 5 that a complete evaluation of anonitoring of capillary electrophoresis separations of nano-
sample cannot be obtained with spectra collected from ontube bundles from individuai3and of the bundle sonication/
excitation wavelength. Additionally, the differences pre- solubilization proce$8 demonstrate that, as bundle size de-
sented by spectra obtained from bundled versus individualereases, a steady loss in the intensity of the 266'¢fD,2

C. Practical considerations for sample characterization via
Raman spectroscopy
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RBM occurs relative to th€l2,1) RBM at 236 cm?. Thus, a  dividualized and bundled HiPco nanotubes. These have al-
measurement of this intensity ratio could be useful in qualilowed us to demonstrate the redshifting and band broadening
tatively estimating bundle size. The ability to quantify of the electronic transitions that have been predicted to occur
bundle size using this method would require more extensiv@pon nanotube bundling. Our results agree both qualitatively
analysis of samples of known bundle size coupled to modeland semi-quantitatively with the expected magnitude of the
ing of expected RBM spectra as a function of relative levelsglectronic effects of bundling and provide further evidence

of bundles versus individualized nanotubes. for the importance of curvature-induced hybridization and

o i A1 . ; .
It is interesting to note that th@2,1) RBM at 236 cm trigonal warping effects on the nanotube density of states and
appears strongly enhanced in both the individualized ang|actronic band structure.

bundled samples, while the roping peak is only presentin the " comparison of radial breathing mode frequencies for in-
bundled form. This behavior results from the very different yiiqualized and bundled nanotubes shows no significant
resonant excitation conditions experienced by the two d'ﬁer'change occurring in their frequencies as a result of bundling.

ent Ch'ral"f'fs' As seen in Figs.(® and 2e), 785nM o analysis of changes in the excitation energy dependence
(12 739 cm) excitation is near the peak of the enhancement,qyeen individualized and bundled nanotubes suggests that
profile for the individualized (12,1) r_lanotu_bes. _In _the previously reported apparent frequency shifts are due to
bundled sample, due to band broadening, this excitation St'Eundling-induced redshifts of the electronic transitions.
accesses significant resonant intensity in the tail of1261)  changes in nanotube RBMs enhanced in the new resonance
profile. The(10,2) nanotube, however, is only strongly reso- congitions for bundled nanotubes can result in an apparent
nant for the bundled sample, with 785 nm excitation missingspft in RBM frequencies compared to their individualized
the profile entirely for the isolated.0,2) nanotubes, due t0  counterparts. These results imply that current theoretical
the relative narrowness of the transition in the solutionyeaiments of predicted vibrational effects overestimate the
sample. ____ magnitude of intertube interactions.

Because'of the narrowness of _the chirality d|str|b_ut|_on Many previous studies have pointed out the potential im-
accessed with 785 nm excitation, this wavelength has limitegy,rtance of intertube interactions. Our results show this in-
utility as a monitor for changes in sample chirality. It can, joraction to be most strongly manifested in effects on elec-
however, serve as a valuable tool for evaluating the extent qfgnic properties. The lack of large differences observed for
aggregation occurring in a sample. It is important 10 bexg petween different chiralities and different excitation re-
aware .that these aggregation effects are present with 785 NGlons, as well as the lack of a bundling-induced RBM fre-
excitation, as well as for other commonly used wavelengthgency shift, suggests that orientational and compositional
(such as 514, 532, and 633 prithe extent of sample aggre- gjisorder in real nanotube samples are important factors in
gation must be known in order to avoid assigning relativegetermining intertube interaction effects on both electronic
intensity changes between different chirality RBMs 10 aanq vibrational structure. Addressing inhomogeneity and
change in population, when it is possible that such intensity,her dgisorder effects on bundle properties will be an impor-
shifts may result from a shift in resonance enhancement cofant area for future theoretical efforts. A more detailed under-
ditions instead. To obtain full coverage of the range ofsianding of interactions between different chiralities and the
chiralities present in a sample, it is not necessary to producgfects of imperfect packing, lack of registry, and lowered
the detailed enhancement profiles presented here. As can Bemmetry should lead to better modeling of true bundle be-
seen in Fig. 1, a judicious choice of 3—4 excitation wave-hayior, These are important issues relating to both transport

lengths(735, 785, 850, and 920 nm, for exampt@n pro-  propertied! and potential nanoelectronics and materials ap-
vide coverage for both individualized and bundled samplegyjications.

over a broad range of chiralities and diameters. Additionally,
visible excitation such as at 514 and 633 nm can simulta-
neously access both metallic and semiconducting resonances,
providing a means to evaluate relative levels of these impor-
tant classes of nanotub&s303133 This work was supported by the Los Alamos National
Laboratory LDRD program. Raman spectroscopy was per-
V. CONCLUSION formed at the LANL Integrated Spectroscopy Lab. We wish
We have presented data representing the first complete thank the Richard Smalley group at Rice University for
near-IR resonance Raman enhancement profiles for both isupplying the carbon nanotube samples used in these studies.
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